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ADAPTIVE TELEMETRY SYSTEM FOR HOSTILE
ENVIRONMENT WELL LOGGING

This application is a continuation of application Ser.
No. 07/976,848, filed Nov. 16, 1992 in the names of the
present inventors, and entitled “ADAPTIVE TELEM-
ETRY FOR HOSTILE ENVIRONMENT WELL
LOGGING now abandoned.”

BACKGROUND OF THE DISCL.OSURE

‘The operation of modern wireline-logging tools at
hostile-environment temperatures places severe de-
mands upon the telemetry as well as the downhole
tools. The severe demands on the telemetry are caused
by the wide variation in the logging-cable-produced
signal distortion combined with the high-data-rate re-
quirements of the tools and the limited logging-cable
bandwidth. The large variations in telemetry signal
- distortion encountered in the course of logging a signal
well are the result of the changes in average cable tem-
perature produced by the large difference in borehole
temperature between the top and bottom of a hostile-
environment well. Telemetry signal distortion is a func-
tion of such things as cable manufacturer, cable type,
cable length, cable condition, depth in the hole, and
well temperature gradient.

The signal distortion produced by the cable must be
corrected (equalized) before reliable recovery of the
telemetry data at the surface can occur. The high data
rate requirement increases the demands on the equalizer
in two ways.

First, the high data rate telemetry requirement de-
mands a high bandwidth efficiency (data-rate/frequen-
cy-bandwidth) which requires a complex multilevel
data-coding scheme. The multilevel coding scheme
decreases the voltage difference between different data
values thus requiring an increase in the precision of the
distortion equalizer to ensure that no data errors occur

S

10

IS5

20

25

30

35

in the data detection section of the telemetry receiver. 40

Second, the telemetry signal is more distorted by the
logging cable at higher data rates because of the in-
creased interference encountered between the data
symbols (encoded bits of data) because of the narrower
data symbol time widths.

Another major demand on the signal equalizer is that
it be adaptive to compensate for the large variations in
telemetry signal distortion encountered in the course of
logging the hostile-environment well.

Fortunately, many useful techniques have been de-
veloped for digital communication since 1948 when
Claude Shannon determined the maximum date rate or
information capacity of a coded communication chan-
nel. His important contribution was not so much that he
presented a way to achieve the theoretical limits, it was
more that he showed how poorly the systems of that
generation performed. That fact, plus the tremendous
need for communication between computers, has moti-
vated researches to develop many new communication
techniques, some of which are readily adaptable to
building a robust wireline telemetry system. Another
critical development has been the rapid increase in per-
formance of low cost DSP (digital signal processing)
integrated circuits.

Although many of these developments could be dis-
cussed, two techniques found are most useful for build-
ing an adaptive high data rate telemetry system capable
of logging in hostile environments. Specifically, this
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disclosure will describe a wireline telemetry system that
uses multilevel correlative coding to provide high data
rates and adaptive equalization to deal with the varia-
tion in channel distortion. In addition, this system makes
actual performance measurements of a field system to
demonstrate the viability of these new techniques. The
benefit of these techniques is that the logging engineer
and producing company can be assured of reliable tel-
emetry operation when running a string of modern high
data rate wireline tools in hostile environment wells.

BRIEF DESCRIPTION OF THE DRAWINGS

So that the manner in which the above recited fea-
tures, advantages and objects of the present invention
are attained and can be understood in detail, a more
particular description of the invention, briefly summa-
rized above, may be had by reference to the embodi-
ments thereof which are illustrated in the appended
drawings.

It 1s to be noted, however, that the appended draw-
ings illustrate only typical embodiments of this inven-
tion and are therefore not to be considered limiting of its
scope, for the invention may admit to other equally
effective embodiments.

FIG. 1 shows a logging system involving a well tool
suspended on a logging cable requiring telemetry along
the logging cable to transmit data from the tool in the
well borehole to the surface;

FIG. 2 1s a block diagram schematic of the uplink in
transmitter in the well tool in the well borehole;

FIG. 3 1s a block diagram schematic of the uplink
receiver which is connected to the transmitter in FIG.
2;

FIG. 4 is a cable frequency response curve plotting
frequency versus attenuation; |

FIG. 5 1s a response curve plotting frequency against
attenuation for a particular cable at the surface and also
in the well borehole;

FIG. 6 1s an allocation of the frequency spectrum for
a telemetry system into separate frequency bands as a
function of attenuation;

FI1G. 7 1s a amplitude modulated multiple level trans-
mission system showing line signals;

FIG. 8(A/B) 1s an analog equalizer which particu-
larly shows the problem but which also shows an older
system which does not effectively deal with the prob-
lem:

FIG. 9 is a block diagram schematic of an adaptive
digital equalizer and the level slicer;

FIG. 10 is an uplink transmitter shown in greater
detail in block form;

FIG. 11(A/B) shows the relationship between the 7
level encoder and the AM modulator involved in the
encoder;

FIG. 12 shows a block diagram schematic of an
uplink receiver;

FI1G. 13(A/B) includes histograms;

FIG. 14(A/B) is another diagram sometimes known
as an eye diagram; and

FIG. 15 1s a quadature encoder and decoder.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

In a typical well logging system, as shown in FIG. 1,
the uplink data is collected from sensors in the logging
tools, time multiplexed, and transmitted to the surface
by the uplink transmitter. The uplink receiver recovers
the data and relays it to the surface processor where the
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logs are computed and displayed. Downlink commands
originating in the surface computer system are transmit-
ted by the downlink transmitter in the surface modern
to the subsurface modem’s downlink receiver and then
relayed to the tools. Power 1s also transmitted from a
surface tool power source over the logging cable to the
downhole tool power supplies. The uplink data signal,
downlink data signal and the tool power are frequency
multiplexed on the cable to avoid interference.

In the typical transmitter, as shown in FIG. 2, data 1s
collected from the logging tools and time multiplexed
into a serial NRZ (non-return-to-zero) data stream. The
serial data is first encoded to reshape the signal’s base-
band frequency spectrum then modulated 1nto the de-
sired uplink frequency band.

A typical uplink receiver is shown in FIG. 3. The
uplink data signal is first filtered to remove the down-
link data signal and power and then amplified to a con-
venient level. The uplink signal is then equalized to
remove the frequency dependent distortion caused by
the logging cable. Finally, the signal is detected and
decoded to recover the original data. After decoding,
the uplink data is sent to the surface computer system.

The typical wireline telemetry system faces many
obstacles to achieving high data rates and reliability,
including extremes of temperature and pressure along
with serious signal degradation caused by the logging
cable. The primary limitations of the cable are the lim-
ited bandwidth and the frequency-dependent attenua-
tion which are further complicated by the very wide
range of variation in the signal distortion caused by the
cable.

Typical frequency response characteristics for com-
monly used logging cables are shown in FIG. 4. For
practical reasons (signal-to-noise ratio and signal reflec-
tions) the bandwidth of a cable will be considered to
extend from zero Hertz to the frequency which causes
60 db attenuation. The most commonly used cable in
cased-hole and production logging applications 7/32
inch single conductor cable which has a 60 db band-
width of 40 kHz for a length of 30,000 feet and a cable
temperature of 30° C. The most commonly used open-
hole logging cable is 15/32 inch 7-conductor cable

which has a 60 db bandwidth of 270 kHz for the T7

transmission mode at the same length and temperature.
Despite this wide range in characteristics between the
various cable types, the telemetry system must work
over an even greater range due to the effects of temper-
ature, pressure and different lengths of cable which
vary from well to well and logging unit to logging unit.

FIG. 5 shows the estimated difference in cable fre-
quency response when logging at the top and bottom of
a 6700 meter, 250° C., well with a 15/32 mnch logging
cable. It can be seen that both the absolute attenuation
and the slope (change in attenuation versus frequency)
of the frequency response curve increase with tempera-

ture. Since it is the slope of the frequency response

curve which causes the distortion of the telemetry sig-
nal, it is the change in slope which causes the change in
the telemetry signal distortion at different borehole
temperatures as the cable 1s lowered or raised into the
well. For a telemetry system operating in to 90 to 270
kHz band, the slope change amounts to over a 7 db
difference in attenuation across the transmission band.

FIG. 6 shows a typical placement of uplink, downlink
and power bands in the available cable bandwidth. The
uplink band is placed in the upper two-thirds of total
cable bandwidth. This simplifies implementation since
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the power, downlink, and uplink can be easily separated
without requiring complicated filtering or noise cancel-
lation. The power and downlink signals are placed 1n
the lower part of the spectrum where the mean and
variance in the attenuation is smaller, resulting mn sim-
pler implementation of the down equipment.

The achievable uplink data rate depends on the band-
width efficiency of the type of signal transmitted. Band-
width efficiency is defined as the data rate in bits per
second per bandwidth interval in Hertz. The NRZ data
signal is normally encoded and modulated before it 1s
transmitted through the logging cable. The bandwidth
efficiency and placement of the telemetry frequency
band are determined by the encoding and modulation
technique chosen. The NRZ data bit stream (1’s and 0’s)
is encoded into a stream of “symbols” which typically
have a number of amplitude levels and may have a
“quadrature” or “phase” component. The “quadrature”
modulation technique, where two carriers of the same
frequency but 90 degrees out of phase are summed
together, results in a doubling of the data rate in the
same frequency passband. Partial response signaling
(PRY) is an encoding technique that allows us to build
practical digital communication systems with no excess
bandwidth required to obtain robust signal detection.
Duobinary coding (DB) is non-quadrature multilevel
partial response encoding technique.

Table 1 shows the bandwidth efficiencies of a number
of signal data types along with the telemetry data rate
achievable over 30,000 feet of both 7/32 inch monoca-
ble and 15/32 inch 7-conductor cable. For example, it
can be seen that for cased-hole logging on 30,000 feet of
7/32 inch monocable, 54 kbps can be achieved with
AM-7DB (amplitude-modulated 7-level duobinary) and
108.8 kbps can be achieved with 49-QPRS (49point
quadrature-partial-response-signaling). For open-hole
logging on 30,000 feet of 15/32 inch 7-conductor cable,
360 kbps can be achieved with AM-7DB and 16-QAM
(16-point quadrature-amplitude-modulation) and 720
kbps can be achieved with 49-QPRS. It should be noted
that the; absolute data rates listed in Table 1 can be
effectively increased with the use of data compression
techniques.

The major cause of unreliability in wireline telemetry
systems is the wide variation in the signal distortion
caused by such things as cable type, cable length, cable
condition, depth-in-the-hole, and temperature effects on
the tools and cable. The receiver’s equalizer must cor- -
rect for the cable-produced signal distortion before the
data can be reliably recovered from the signal. The
demands on the equalizer to accurately correct the
distortion are very severe for complex signal coding
techniques such as AM-7DB and 49-QPRS, especially -
when the cable is subjected to the wide range of temper-
atures encountered in hostile environment (250° C.)
wells.

FIG. 7 shows typical AM-7DB signals in their undis-
torted form out of the transmitter and their distorted
form after passing through the cable. This distortion
maust be corrected by the equalizer before the data can
be recovered. Note in FIG. 7 that without equalization
there would be 8 data errors.

FIG. 8 shows the operation of an analog equalizer
used in a number of older wireline telemetry systems. In
generally, any equalizer must correct for both the gain
and phase distortion in order to perfectly restore the
signal to the original undistorted shape. For simplicity,
FIG. 8 shows only how the cable’s gain vs frequency
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characteristic is equalized. Analog equalizers have a
number of problems including:

(1) It 1s very difficult to build an analog equalizer that
will properly equalize the phase in addition to the gain
over the required band of frequencies.

(2) An analog equalizer corrects for only one set of
distortion conditions. An infinite number of analog
equalizer circuits would have to be built to continu-
ously compensate for the changing distortion encoun-
tered while lowering or raising the tools into the well.
Normally, analog equalization of wireline signals is
done by switching between a limited number of fixed
equalizers at various discrete times as the tools are low-
ered into the well.

(3) Adaption of the equalizer is also difficult because
a good measure of the signal distortion, required to
determine when to switch between the fixed analog
equalization settings, is difficult to ascertain with analog
means.

An adaptive signal equalizer as shown in FIG. 9. The
transfer function of the digital transversal filter equal-
izer 18 determined by its digital filter coefficients. The
coefficients are adapted to minimize the difference be-
tween the equalizer’s output and the detected estimate
of the original data. The equalizer makes a small adjust-
ment of the coefficients after processing each received
data symbol. When the equalizer is optimally adjusted
or adapted, the output signal is approximately equal to
the original transmitted signal before it was distorted by
the cable. A mathematical description of the adaptive
transversal filter equalizer and the stochastic-gradient
algorithm used to adapt the filter’s coefficients is given
below.

The benefits of adaptive transversal filter equalizers
include:

(1) Capable of almost perfectly equalizing extreme
amounts of signal distortion which allows use of the
entire available passband of the cable, resulting in
higher reliable data.

(2) The precise equalization allows the use of very
complex signal codes which have been bandwidth effi-
ctency, resulting in higher data rates. |

(3) The equalizer can be adjusted to compensate for
the distortion caused by cables with widely varying
characteristics. This means the telemetry will work
reliably with practically any cable.

(4) Continuous adaption to the changing signal distor-
tion caused by the changing borehole conditions as to
the tool is lowered into or raised out of the well leading
to robust operation over the wide range of borehole
conditions encountered in hostile, environment wells.

An earlier U.S. Pat. No. 5,010,333 discloses an AM-
7DB system for use with cased-hole services on 7/32
inch monocable and for hostile environment open-hole
services on 7/16 inch or 15/32 inch 7-conductor 7C)
cable. When used with cased-hole tools on 7/32 inch
monocable, the uplink operates in the 13.5 kHz to 27
kHz frequency band at a data rate of 54 kilobits per
second (kbps). When used with hostile environment
openhole tools on 7/16 inch and 15/32 inch 7-conduc-
tor cable, the uplink operates in the 27 kHz to 81 kHz
frequency band at a data rate of 108 kbps.

A block diagram of the AM-7DB uplink transmitter
is shown in FIG. 10. The transmitter includes a data
scrambler, 7-level duobinary (7DB) data encoder, am-
plitude modulator (AM), cable driver and cable cou-
pling circuits.
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The operation of the 7DB encoder and AM modula-
tor 1s shown in FIG. 11. The encoder works as follows.
First, the binary NRZ input signal, a(t), is converted to
a four-level signal, b(t). The four level signal, b(t), is
precoded to get c(t) which is then encoded to get the
7-level 7TDB signal, d(t). The equations governing the
operation of the 7DB precoder and coder are:

c(t)=b(t)6Ab(t), modulo 4 subtraction

d(t)=c(t)+ Ac(t), algebraic addition

where A is a unit time delay equal to the data symbol
width. The AM modulator operates by multiplying the
TDB signal by the carrier frequency, w..

A block diagram of the uplink receiver is shown in
FIG. 12. 'The receiver includes cable coupling circuits,
input filter, clock recovery circuit, demodulator, adapt-
tve equalizer, 7-level data detector (7-level discrimina-
tor or slicer) and 7DB decoder. The input filter is imple-
mented with a switched-capacitor filter. The demodula-
tor, equalizer, detector and decoder are implemented in
a single chip digital signal processor.

AM-7DB system operates at 360 Kbps in the 90 kHz
to 270 kHz frequency band on 30,000 feet of 15/32 inch
7C cable.

A quadrature version of the high-speed experimental
AM-7DB system (49-QPRS) operating at 720 kbps in
the 90 to 270 kHz frequency band on 30,000 feet of
15/32 inch 7-conductor cable is shown in FIG. 15.

The AM-7DB telemetry system described above was
field tested at 108.8 kbps with standard 7/16 inch and
15/32 inch 7-conductor cables. FIG. 13 shows the sig-
nal histograms of the transmitted, received and equal-
ized telemetry signals obtained when operating the
AM-7DB telemetry system at 108.8 kbps on 26,000 feet
of 7/16" 7-conductor cable. The histogram of the trans-
mitted telemetry signal shown in FIG. 13(a) clearly
shows the clustering of the original transmitted signal
around 7 voltage levels. The histograms of the received
signal shown in FIG. 13(5) shows the result of the signal
distortion produced by logging cable. The transmitted
signal has been distorted so that the original 7 voltage
levels can no longer be distinguished or detected. After
the distorted received telemetry signal has been equal-
1zed using the adaptive equalizer the 7 original voltage
levels are again easily distinguishable as seen by the
histogram of the equalizer output shown in FIG. 13(c).
FIG. 14 shows “eye diagrams” of the same transmitted,
received and equalized signals whose histograms are
depicted in FIG. 13. An “eye diagram”, so called be-
cause its shape is similar to the human eye, is generated
on an oscilloscope where the symbol timing is used as a
trigger. The eyes are transmitted and equalized signals
are clearly “open” while the eye of the distorted re-
ceived signal is closed.

The AM-7DB telemetry system was also lab tested at
54.54 kbps with 30,000 feet of standard 7/32 monocable
and with 26,000 feet of MP35 7/32 inch monocable
(used in sour-gas cased hole logging operations). For
these lab tests, the transmitted telemetry signal was
attenuated by a factor of 10-to-1 to simulate the addi-
tional signal loss at hostile environment temperatures.
Under these conditions, the standard deviation of the
slicing error (difference between actual data and equal-
1izer output) was 6.41% while the maximum slicing
error was about 30%. The slicing error must exceed
100% to produce an actual data error in the detector.
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Similar results were obtained using the AM-7DB sys-
tem in the field with cased hole tools and 26,000 feet of
standard 7/32 inch monocable.

The AM-7DB telemetry system was then modified to
increase receiver’s DSP processing speed to allow the
system to operate at the higher data rates predicted in
Table 1 for an AM-7DB telemetry system operating on
15/32 inch 7-conductor cable. The system operated
reliably with no data errors at 360 kbps on 30,000 feet of
15/32 inch 7C cable. The standard deviation of the
slicing error in the detector was about 8% which is

about four times better than required for a robust field-
worthy system. The output of the slicer in a field log-

ging unit can be monitored in real time, providing a
direct indication of the quality of the received data
stream.

A quadrature version of the AM-7DB system (49-
QPRS) operating at 720 kbps 1n the 90 to 270 kHz fre-
quency based on 30,000 feet of 15/32 inch 7-conductor
cable was simulated on a Comdisco SPW signal pro-
cessing workstation. The simulation results indicate that
a robust 49-QPRS telemetry system can be built that
will operate in the 90 kHz to 360 kHz band at 720 kbps
on 30,000 feet of standard 15/32 inch 7-conductor open-
hole logging cable, see FIG. 15.

The equation governing the operation of the trans-
versal filter pulse-amplitude-modulation (PAM) equal-
1zer is:

L
(T —L)y= 3

e (T + L +
i— 1 (1 b

where (T—L) is the output of the equalizer at time
T—L,andc;, —L <j <L, are the n=21.+41 transversal
filter coefficients. The coefficients are subscripted from

—L to L to be consistent with the literature in adaptive

equalization; this emphasizes the fact that the transver-
sal equalizer is compensating for intersymbol interfer-
ence from both sides of the current data symbol. For the
same reason, and because of the causality constraint, the
output of the transversal filter 1s considered as an esti-
mate of d(T—L), rather than d(T), and is labeled
d(T —L). This signals 1s connected to the slicer to make
the decision on the data symbol. The estimation error is
given by

eT—L)=a(T—L)—d(T—L).

A criterion that can be used to select the filter coeffi-
cients is the minimization of the output means square
error €, where ¢=E [e (T—L)]. The criterion is not
equivalent to minimizing the probability of error, but it
is close enough for practical purposes.

The adaption of the transversal filter coefficients is
done with the stochastic gradient algorithm. The equa-
tion for the adaption of the jth coefficients is

AT+ 1)=c{T)+Bed DHT—j+1).

In accordance with the equation, CAT) is obtained by
cross-correlating (using a time average) the estimation
error e-(1) with the delayed input y(T —j+1) and step-
size 3 and accumulating the result. This accumulation is
the discrete-time analog of integration in the con-
tinuoustime. The change in the coefficient of the ith tap
at each iteration is a function of the value of the delayed
signal at that tap, the slicing error, and an adaption
coefficient B. |
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1. Multilevel duobinary coding can be used for band-
width reduction of telemetry signals allowing higher
wireline telemetry data rates than can be achieved with
binary NRZ. A bandwidth efficiency of 2 bits/-
second/Hz can be achieved with an amplitude modu-
lated 7-level duobinary (AM7DB) telemetry signal.
This bandwidth efficiency allows AM-7DB wireline
telemetry systems to be built that will operate at data
rates of 54.4 kbps on 30,000 feet of 7/32 inch single-con-
ductor cased-hole logging cable and 360 kbps on 30,000
feet of 15/32 1inch 7-conductor open-hole logging cable.

2. Quadrature amplitude modulation can used to dou-
ble the bandwidth of amplitude modulated signals al-

lowing higher wireline telemetry data rates. A band-
width efficiency of 4 bits/second/Hz can be achieved
with a 49-point quadrature-amplitude-modulated (49-
QPRYS) telemetry signal. This bandwidth efficiency
allows 49-QPRS telemetry systems to be built that will
operate at a data rate of 720 kbp on 30,000 feet of 15/32
inch open-hole 7-conductor logging cable.

3. Sophisticated digital transversal filter equalizers
have been made possible in recent years by the emer-
gence of powerful single chip digital signal processors.
The new adaptive digital equalizers, 1n sharp contract to
older analog equalizers, allow almost perfect correct of
the distortion of the telemetry signals caused by he
logging cable. The result has been that telemetry receiv-
ers can now be built that will robustly recover complex
telemetry signals such as AM-7DB and 49-QPRS, al-
lowing much higher data rates.

4. Adaptive digital equalization, in contrast to older
analog equalizers, can continuously correct for cable
distortion as the tools are lowered and raised in the
well.

5. Robust high-data-rate hostile-environment wire-
line telemetry systems can be built with the aid of mod-
ern communication techniques. These systems also pro-
vide self-monitoring features which gives the user a
real-time telemetry quality control indicator.

While the foregoing is directed to the preferred em-
bodiment of the present invention, other and further
embodiments of the invention may be devised without
departing from the basic scope thereof, and the scope
thereof is determined by the claims which follow.

What is claimed is:

1. A telemetry system for use in transferring data
from a sonde in a well borehole to the surface via cable
the system including a sonde supported uplink transmit-
ter, comprising:

(a) at least one sensor supported in the sonde;

(b) a multi-level duobinary encoder connected to said
sensor for receiving a flow of sensor data there-
from and encoding the sensor data to form an en-

- coded stream of data symbols:

(c) a quadrature modulator to produce a quadrature
output signal, comprising:

(1) a first quadrature modulator receiving the en-
coded stream, said first quadrature modulator
being modulated by a first carrier to produce a
first signal;

(2) a second guadrature modulator receiving the
encoded stream, said second quadrature modula-
tor being modulated by a second carrier that is
phase shifted with respect to the first carrier to
produce a second signal;

(3) a summer for summing the first and second
signals to provide a quadrature modulated out-
put signal; and
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(d) an output driver provided with said quadrature
modulated output signal and having an output
connected to the cable extending from the sonde
to the surface.

2. The telemetry system of claim 1, further including
a complex demodulator to receive signals from the
output driver.

3. The telemetry system of claim 2, further including
a complex transversal filter to receive signals from the
complex demodulator.

4. The telemetry system of claim 1, further compris-
ing a serial-to-parallel converter interposed between the
encoder and the first and second quadrature modula-
tors.

5. A telemetry method for transferring data from a
sonde in a well borehole to the surface via cable utiliz-
Ing a sonde supported uplink transmitter, comprising
steps of:

(a) sensing logging signals with at least one sensor

supported 1n the sonde;
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(b) receiving a flow of sensor data from the sensor
and performing multi-level duobinary encoding
upon the sensor data to form an encoded data
stream; and

(c) providing a quadrature modulated output signal
by performing steps comprising:

(1) receiving the encoded stream and modulating
the data stream with a first carrier to produce a
first signal;

(2) receiving the encoded data stream and modulat-
ing the data stream with a second carrier that is
phase shifted with respect to the first carrier to
produce a second signal; and

(3) summing the first and second signals to provide
a quadrature modulated output signal.

6. The telemetry method of claim 5, further including

a step of applying a complex demodulator to the quad-
rature modulated output signal.

7. The telemetry method of claim 6, further including

a step of applying a complex transversal filter to signals

from the complex demodulator.
X kX * ¥
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